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Students math performance and GDP per capita
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“0.5 SD in mathematics performance at the

individual level implies an increase in annual

growth rates of GDP per capita of 0.87%”
~OECD (2010)
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What is mathematical skill?



Arithmetic skill




How does human brain process arithmetic?



functional Magnetic Resonance Imaging

—7= “Correct or incorrect?”
3+2=6
5+4=9
7-4=2 “Is there a 57"
4+3=8
4&3@5

36741

8%6&2

2#5@3




Equation verification task

Is the equation Is the equation
correct? correct?
3+2 =5 4+3=5
Is there a Is there a
“g”? ugny
(control) (control)

30s 30s 30s 30s 30s



Brain regions associated with calculation

Wu, Chang et al. (2009) Cereb Cx



Posterior Parietal Cortex (PPC)

Supramarginal Gyrus (SMG):
Visual and Phonological Working
Memory

Angular Gyrus (AG):
Verbal Fact Retrieval

Intraparietal Sulcus (IPS):

Domain Specific Abstract Quantity : :
Representation Superior Parietal Lobule (SPL):

Attentional Orientation

Menon (2014), Dehaene et al., (2003)



Are the neural correlates of mental
arithmetic modulated by mathematical
competence?



e Screened a large sample of adults (138)

e Selected individuals who did not differ in IQ but varied in their
mathematical competence

e fMRI study

* Multiplication verification |4 ¥ § = 24

e Control Task 3=3=13

Which brain regions activated during multiplication correlated
with mathematical competence?

Grabner, Ansari et al. (2007)



Relationship between AG activation and
individual difference in math skill
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Brain activation predicts high school math

e Participants
— 33 high school students (mean age :17 yrs)

e Math skill assessment

— PSAT A

Price et al. (2013) J Neuro



PSAT positive correlates

with AG/SMG and
negatively correlates with
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How does the brain solve word problem?

e 33-20="7
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g + 78 £ Right and Left superior % 3% 3 % Left inferior frontal
parietal lobule, intraparietal sulcus gyrus( area 44,45) & angular gyrus
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Cluster 1 (1364 vox):

activated %

200.9 voxel = 147  %iin right hIP3 65.3
189.0 voxel = 139 %in right Area 2 19.9
175.8 voxel = 129  %in right IPC (PFt) 40.1
81.5 voxel = 6 %in right SPL (7P) 12.2
71.9 voxel = 53 %in right IPC (PF) 8.1
62.5 voxel = 46 %in right hiP1 27.5
59.4 voxel = 44  %in right hiP2 45.9
Area 2
Right hiP3 X =48 y=-36 z= 54

X =30 vy=-56 2= 46
P (hIP3) = 50%
P (hIP2) = 10%

P (area 2) = 50%

P
P

IPC-PFm) = 30%
hIP2) = 20%



-+
Ao

o R > HF Y AL

Cluster 1 (2244 vox): activated %
112.6  voxel = 5 % in left  Area45 12.6
87.1 voxel = 3.9 % in left IPC (PGa) 11.2
82.5 voxel = 3.7 % in left Area44 7.1
46.5 voxel = 2.1 % in left  IPC (PFm) 9.2

Left Angular Gyrus
X =-60y=-58 z= 26
P (IPC) = 20%

Area 45

x=-58y=202z=4
P (area 45) = 50%
P (area 44) = 50%
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Design for studying brain development

Cross-Sectional Study

Group A (5-year-olds)

Group B (10-year-olds) - Compare

Group C (15-year-olds)




Development of mental arithmetic

Participants
N=16 age (8-19)

6-2=4 "Push if Correct"
3+2:=6 (30 sec.)
5+4=9
7-4=72
4+3=8
61059 "Push for Zero"

93263 (30 sec.)

46708

20748

735852

Rivera et al. (2005). Cereb Cortex



Developmental Change of Mental Arithmetic

Age-related increase of PPC and decrease of PFC

Rivera et al. (2005). Cereb Cortex



Does all PPC subdivisions follow a heterogeneous or
homogeneous linear developmental trajectory?

Is there nonlinear developmental change in the PPC?



Development of mental arithmetic across adolescence

* Participants
— 25 children (age 7-10)

— 19 adolescents (age 13-17)
26 adults (age 19-2) 9-5-4[681@7

Subtraction Control

(A) (B)

—
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RT (m }

Childre: Adolescents
subtractic

control Chang, et al. (2016), Neuroimage



Activations and Deactivations in Children, Adolescents, and Adults

(A) Children

(B) Adolescents

(C) Adults

Deactivation

Chang, et al. (2016), Neuroimage




PPC Regions Showing Linear Developmental Changes

A) Linear increases in left IPS-hIP1, AG-PGa, and SMG-PFm

Activation (Beta)

-0.5 -

Children Adolescents Adults

Activation (Beta)

-0.5 -

Children Adolescents Adults

Activation (Beta)

Children Adolescents Adults

05 -

Chang, et al. (2016), Neuroimage



PPC Regions Showing Transient Engagement in Adolescents

A) Nonlinear increases in left SMG-PF B) Age as a categorical variable

b
A
|
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o
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Nonlinear development of SMG connectivity

A) Adolescents > Children
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Neural deficits of mathematical learning
disabilities in brain structure and function



Mathematical Learning Disability (MLD)

e MLD is a specific learning disability affecting the acquisition
of school-level mathematical abilities in the context of
otherwise normal academic achievement, with prevalence
rate of 3-6% (Price et al., 2007).

e MLD children show persistent deficits in mathematical skill.

— longitudinal study of 140 11-yr old children with MLLD (Shalev et
al., 2005)

o After 3 years, 95% of the group still meet MLD criteria

e After 6 years,
— 51% could not solvle 7 X 8 (vs. 17% of controls)
— 71% could not solve 37 X 24 (vs. 27%)
— 49% could not solve 45 X 3 (vs. 15%)
— 63% could not solve 5/9 + 2/9 (vs. 17%)




MLD showed reduced size of the right IPS

e 14 genetic-origin MLD and 14 TD participants

D MLD

Molko et al. (2003) Neuron



MLD showed reduced number distance effect in
the IPS
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Group Curr Biol



MLD children showed deficits in simple
arithmetic problem solving

fMRI study of complex and simple arithmetic problems
10-12 year old children

Group x Problem Size

it
2]
(]

L

&)
7
&
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¢
foa

0.2

0.0+
Typical Arithmetical Fluency Low Arithmetical Fluency

DeSmedt et al. (2011) Neuroirmage



Can the brain function in children with
mathematical learning disabilities remediated by
cognitive tutoring?



8 weeks of one-to-one math tutoring

fMRI, sMRI, 4 lessons 2 lessons 16 lessons 2 lessons fMRI, sMRI,
arithmetic tasks arithmetic tasks
b c
Math Bingo Bin
_
‘Find the answer on 6|16[10] 0
the bingo card e :E 1?3 ?; 1; 100 - - = MLD

QQ 2/ ]

% Accuracy

L)) L]

Pre-tutoring Post-tutoring

luculano et al. (2015) Nat Comm




Cognitive tutoring normalizes brain activity
in children with MLD

a Pre-tutoring

MLD>TD Ventral Temporal-
Prefrontal Cortex Parietal Cortex Occipital Cortex

t-score

1 2 3 4

b Post-tutoring
MLD > TD

)

y=-58 Z=-16

luculano et al. (2015) Nat Comm



Cognitive tutoring remediates childhood math anxiety
and associated neural circuits

Time (Pre-tutoring, Post-tutoring) X Group (HMA, LMA)

Amygdala Fronto-parietal/VTOC
L.SPL s, RSPL
& i Lo .\\\ J,’a-/ . *%
4 \ /e
g = \ iz =
e-tutorin toring Past-t

14

, R.Amygdala

Parameter estimate (i)

Parameter estimate ()

*"HMA =LMA




Neural predictors of individual differences
in response to math tutoring children
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Summary

 The neuroanatomical function of posterior parietal
cortex is mandatorily in involved in mathematical skills.

e Atypical developing in mathematical skill are associated
with structural and functional neural deficits.

e Cognitive tutoring induces widespread neuroplasticity by
normalizing brain function and strengthening intrinsic
connectivity in children with MLD.
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Thank you for listening!



Canonical Brain Areas Involved in
Arithmetic Problem Solving

Maps are based on meta-analysis using search term of
“arithmetic” in Neurosynth (Yarkoni et al. 2011).

Adapted from Menon (2014)
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